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Abstract: 
Combining [Ni(phen)3]I2 or [Ni(phen)3]Cl2 (phen = 1,10-phenanthroline) with the 
iodoperfluorobenzenes (IPFBs), 1,2-, 1,3-, 1,4-diiodotetrafluorobenzene (1,2-, 1,3- and 1,4-DITFB, 
respectively) or 1,3,5-triiodotrifluorobenzene (1,3,5-TITFB) resulted in the formation of six different 
co-crystalline materials featuring halogen-bonded networks encapsulating [Ni(phen)3]2+ ions. The co-
crystals have the general formula [Ni(phen)3][(IPFB)n(X2)(L)m]·solvate (n = 2 or 3; X = Cl– or I–; L = 
halogen-bonded H2O and/or MeOH; solvate = isolated H2O and/or MeOH). The halide ions balance 
the charge of the metal complexes and simultaneously act as halogen bond acceptors for the 
electronically polarised iodine atoms of the IPFB donors. The structures display a wide variety of 
supramolecular motifs both in the context of the aggregation of the metal complexes and the topology 
and connectivity of the halogen bond networks. The well-known supramolecular “aryl embrace” 
motifs of [Ni(phen)3] complexes are present but are structurally compromised to varying degrees in 
the crystals of [Ni(phen)3][(1,2-DITFB)2I2]·MeOH, [Ni(phen)3][(1,3-DITFB)2I2]·2MeOH and 
[Ni(phen)3][(1,3-DITFB)2(H2O)2Cl2]·1.5MeOH. In [Ni(phen)3][(1,3-DITFB)3I2], the [Ni(phen3]2+ 
complexes are so thoroughly enclosed in halogen-bonded networks that the metal complexes have no 
significant supramolecular contact. In contrast, in [Ni(phen)3][(1,4-DITFB)3I2(MeOH)0.5] and 
[Ni(phen)3][(1,3,5-TITFB)2Cl2] the complexes are arranged in typical aryl embrace motifs (pairwise 
and 1D chains, respectively), but with adjacent complexes held in closer proximity to each other than 
they reside in crystals of the pure metal complex. The interplay between the supramolecular chemistry 
of the halogen-bonded networks and the metal complexes was examined in detail and the results 
demonstrate that it is possible to significantly influence the aggregation of metal complexes by 
encapsulation in different halogen bond networks.  
 
Introduction: 
The rational design and assembly of ordered arrays of molecular building-blocks is a significant goal 
in the development of new, technologically relevant materials. In the quest for multidimensional 
organisation in the solid state, crystalline materials are obvious and convenient targets, and thus the 
principles of crystal engineering are key considerations. The assembly of functional molecular 
building blocks into ordered arrays promises new solid-state materials in which the characteristics of 
the individual building blocks are amplified (e.g. non-linear optical, light-harvesting, catalytic, redox 
properties) or integrated to give new “bulk” properties (e.g. magnetism, spin-crossover, gas storage, 
electrical conductivity).  
Metal complexes are prime examples of functional molecular building blocks, with numerous 
examples exhibiting photo-, magneto-, electro- or catalytic activity. The promise of functional solid-
state materials based on such complexes has contributed to the enormous scientific effort expended in 
the development of Metal-Organic-Framework (MOF) materials. Predictable solid-state architectures 
have been accessed by exploiting metal-ligand coordinate bonds and well-defined molecular 
geometries in the assembly of metal and organic molecular building blocks. Intermolecular 
interactions expand the self-assembly toolbox and permit design at an increased level of complexity.  
While halogen bonding1 (XB) is an intermolecular interaction that is relatively new in the field of 
self-assembly, it is being increasingly investigated and utilised as a crystal engineering tool. To date, 
little of this work has been performed in the context of metal complexes. The exceptions have 
primarily involved halogen bond interactions between sites on two ligands (M–L···L–M), or between 
a ligand and a discrete organic molecule (M–L···X–Org), with the focus mainly on halide, cyano and 
cyano-functionalised ligands. Many of the known examples of metal complexes participating in 
halogen bonding are serendipitous, rather than designed, and the earliest report of such a system, to 
our knowledge, refers to the unexpected formation of an iodoperfluorobenzene adduct with trans-
diiodobis(1,2-dimethoxyethane)nickel(II).2, 3 
The strategy of directly integrating metal complexes into halogen-bonded frameworks as nodes or 
linkers is appealing,4, 5 but has several significant limitations. The complex must contain at least one 
accessible halogen bond donor or acceptor site, restricting structural variability in the toolbox of 
viable building blocks. The common approach exploits a halogen bond acceptor site on the metal 
complex; a simple small ligand (halides, cyanide, carbonyl etc.)6 or a larger organic ligand with 
peripheral electron donor (Lewis base) sites.7 In the latter case, competition between the metal and 
halogen bond donor at the Lewis base sites, limits the reliability of this approach in a crystal 
engineering regime. Synthetic modification of a metal complex, in order to accommodate halogen 
bond interactions also has serious consequences; synthetic expense and/or alteration of 
function/properties.  
Here, we describe an alternative approach, in which metal complex cations are charge-balancing 
guests within a halogen-bond framework formed from halide (Cl–, I–) and iodoperfluorocarbon tectons 
– a “heteromeric three-component system.” 8-10 Halogen bonding between the neutral 
iodoperfluorocarbons (halogen bond donors) and the halide anions (acceptors) reliably promotes co-
crystallisation of respective molecular components11-16 and importantly, the structure of the metal 
complex cation is conserved. The cations in such systems balance charge and are typically arranged 
into ordered arrays, without usually participating in halogen bonding.9, 10, 17_ENREF_17 These 
materials promise useful physical characteristics and tunability, through variation of the 
iodoperfluorocarbon and halide tectons. Tuning the halogen-bond framework alters the degree of 
intermolecular interaction between metal complex molecules and the spatial separation of metal 
centres, potentially modifying physical and chemical properties such as magnetism, conductivity, 
photoactivity and catalysis. To the best of our knowledge the reported examples of similar systems are 
limited to the co-crystallisation of various calixarene12, 18-21 and cryptand12-14, 22-24 Group 1 metal 
adducts with iodoperfluoroalkanes of different lengths. 
In our initial investigations into the interplay between the topology of the halogen bonding framework 
and the arrangement of the metal complexes within it, we assembled crystalline halogen-bonded 
materials from solutions of iodoperfluorobenzene (IPFB) and tris(1,10-phenanthroline)nickel(II)∙X2 
([Ni(phen)3]X2, X = Cl− or I−) building blocks. The supramolecular chemistry of metal phenanthroline 
complexes is well-understood25 and the [Ni(phen)3]2+ complex cation is readily prepared, stabile in 
solution and free of peripheral Lewis basic sites. Chloride and iodide counterions of the [Ni(phen)3]2+ 
complex cation were investigated as halogen bond acceptors to elucidate the effect of the halide on 
the halogen bonding framework. Further variability in the halogen bonding network was introduced 
by utilising IPFBs with different topicity and halogen bond geometries. 1,2-, 1,3- and 1,4- 
diiodotetrafluorobenzene (1,2-, 1,3-, and 1,4-DITFB respectively) are typically ditopic, forming two 
halogen bonds in the plane of the benzene ring, with 60°, 120° or 180° between the halogen bonds 
respectively. 1,3,5-Triiodotrifluorobenzene (1,3,5-TITFB) is typically tritopic with essentially trigonal 
topology when halogen bonding with anionic electron donors, such as halides, although it is also 
observed forming only two halogen bonds with weaker/neutral electron donors.  
 
Results and Discussion: 
The co-crystallisation regime involved combining either [Ni(phen)3]I2 or [Ni(phen)3]Cl2 with one of 
the four IPFBs in a pre-determined ratio chosen according to the topicity of the IPFB and the 
assumption, on the basis of previous findings, that each halide would reflect the halogen bond topicity 
of the IPFB donor.8 Thus a 2:1 DITFB/[Ni(phen)3]X2 ratio would give rise to an idealised 1D 
halogen-bonded framework consisting of alternating ditopic DITFB molecules and halide ions. 
Likewise, a 2:1 1,3,5-TITFB/[Ni(phen)3]X2 ratio would result in a 2D (6,3) halogen bond sheet or a 
3D net, with the expectation that the halide ions would each accept three halogen bonds to reflect the 
tritopic nature of 1,3,5-TITFB. The possible formation of polymorphs with topologically identical 
halogen bonding networks was an important consideration at this point. In practice, this design 
strategy was thwarted where the nodes exhibited unexpected topicity.  
When IPFB and [Ni(phen)3]X2 solution were mixed in predetermined ratios, crystallisation was 
relatively facile, often commencing within minutes. In most other cases, high-quality crystals were 
obtained through slow evaporation of the solvent. Single crystal X-ray diffraction (SCXRD) analysis 
of the resulting crystals confirmed their co-crystalline nature. Even in cases where poor quality 
crystals were recovered, powder X-ray diffraction (PXRD) studies confirmed the presence of new 
phases distinctly different to either of the pure starting materials, supporting the formation of co-
crystals. 
Crystal packing analysis facilitated exploration of the relative influence of the metal complex and 
framework tectons on the structure of the solid-state material. At one extreme, the metal complex may 
be considered an innocuous guest within an independently-formed halogen-bonded framework. At the 
other end of the continuum, the complex may control or template the topology of a halogen-bonded 
framework that forms around it.  
Exploration of the metal-complex motifs in particular, was informed by the known supramolecular 
chemistry of metal phenanthroline complexes. The phen ligands on adjacent complexes commonly 
interact via Offset Face-to-Face (OFF) and Edge-to-Face (EF) π-interactions. These primary motifs 
rarely occur in isolation and in the solid state, pairs of complexes typically form variations of the 
Parallel 4-fold Aryl Embrace (P4AE), involving a continuum of combinations of one OFF and two EF 
contacts. In poly-phen complexes these motifs can be extended in further dimensions to generate 
extended supramolecular motifs.25 In addition to the halogen bonding, hydrogen bonding and π-
interactions observed in the crystals, many also display Ar-F⋅⋅⋅π interactions between the IPFBs and 
the phenanthroline ligands of the metal complexes. 
Iodide-based halogen bond frameworks 
[Ni(phen)3][(1,4-DITFB)3(MeOH)0.5I2] (1) 
Crystallisation commenced from a methanolic solution of 1,4-DITFB and [Ni(phen)3]I2 soon after 
preparation, and continued during slow evaporation of the solvent. SCXRD analysis revealed that the 
pink, prismatic crystals were co-crystals of [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5I2] (1). Packing 
analysis reveals an unusual halogen bonded ribbon motif based on a zigzagging chain of alternating 
1,4-DITFB molecules and iodide ions. In this main chain, every DITFB is ditopic and there is an 
alternating sequence of two ditopic I– ions followed by two tritopic I– ions. The tritopic I– ion halogen-
bonds with a further “monotopic” 1,4-DITFB. The geometry at the ditopic iodide is non-linear, with 
an acute 75.0° I···I–···I angle. Disordered MeOH molecules decorate the edges of the halogen bonded 
ribbons by halogen-bonding with these “monotopic” 1,4-DITFB molecules (Figure 1 (a)). Although 
there is no direct interaction between the ribbon edges, pseudo 2D sheets are formed by the parallel 
and co-planar arrangement of neighbouring ribbons. The halogen bonded ribbons also stack 
efficiently, perpendicularly to the pseudo 2D sheets, through offset face-to-face (OFF) π interactions 
between the DITFB molecules of adjacent ribbons (within the stack). 
In contrast to the complexity of the halogen bond framework, the metal complexes are organised into 
discrete pairs with 8.90 Å between metal centres (Figure 1 (b)). Within each pair, the complexes 
interact via a combination of OFF and edge-to-face (EF) interactions known as a parallel fourfold aryl 
embrace (P4AE).25 The halogen-bonded ribbons of DITFB and I– efficiently isolate each metal 
complex pair from its neighbours, such that there are no direct π interactions between complexes of 
neighbouring pairs, and that the closest metal-metal distance between adjacent pairs is 11.73 Å 
(Figure 1 (c)). 
 
[Ni(phen)3][(1,2-DITFB)2I2]·MeOH (2) 
The co-crystallisation of 1,2-DITFB and [Ni(phen)3]I2 resulted in the formation of a crop of pink 
prismatic crystals which were identified by SCXRD as [Ni(phen)3][(1,2-DITFB)2I2]⋅MeOH (2). In the 
crystal structure, discrete 4-component supramolecular complexes are formed, each consisting of a 
linear halogen-bonded sequence of monotopic 1,2-DITFB, ditopic iodide (I2), ditopic 1,2-DITFB and 
monotopic iodide (I1) (Figure 2 (a)). The [Ni(phen)3]2+ cations pair through OFF π  interactions, with 
the overlap maximised at the central (C6) rings of the phen ligands, giving minimal EF character25 
and a Ni-Ni separation of 10.24 Å. Rather than being isolated by the halogen bond network, the 
metal-complex pairs are arranged linearly to give 1D chains (Figure 2 (b)). The closest approach 
between pairs is through non-typical EF interactions at the limit of the motif definition.25 The pairs are 
primarily kept apart by the DITFB molecules of the halogen bonded units. Within a chain, the 
distance between adjacent metal centres alternates between 10.20 Å (inter-pair) and 10.24 Å (intra-
pair) – interestingly, the shorter distance occurs between the non-embracing complexes. The halogen-
bonded 1,2-DITFB/I– domain separates the columns of metal complexes (Figure 2 (c)) giving a 
distance between metal centres of adjacent columns of at least 11.87 Å. 
 
 
 
[Ni(phen)3][(1,3-DITFB)2I2]·2MeOH (3) and [Ni(phen)3][(1,3-DITFB)3I2] (4) 
Crystallisation commenced from a methanolic solution of 1,3-DITFB and [Ni(phen)3]I2 soon after 
preparation, and continued during overnight evaporation of the solvent. SCXRD analysis revealed that 
the pink, prismatic crystals were co-crystals of [Ni(phen)3][(1,3-DITFB)2(2]⋅2MeOH (3). Crystal 
packing analysis identified halogen bond interactions between the 1,3-DITFB molecules and I– ions, 
both of which are ditopic centres, with a I···I–···I angle of ca. 120°. This leads to the formation of 1D 
halogen-bonded chains with a wave-like topology (Figure 3). Interestingly, both the halogen bond 
topicity and halogen bond geometry of donor 1,3-DITFB are reflected in the iodide ions, a trend 
which has been previously noted in heteromeric three component systems.8 Pairs of adjacent halogen 
bonded chains interact through π-stacking interactions between 1,3-DITFB molecules along the a-
axis.  
Adjacent metal complex cations display none of the common π interactions of metal phenanthroline 
complexes. Their closest approaches are via EF π interactions in a configuration that is atypical of 
[M(phen)3]2+, falling well outside the normal range of EF parameters.25 This leads to the organisation 
of the metal complexes into linear 1D chains with Ni-Ni distances of 10.11 Å (red square, Figure 3). 
These chains are parallel with the wave-like halogen-bonded chains, with the latter weaving around 
the periphery of the phen ligands, with π interactions between the 1,3-DITFB and ligands. This 
effectively keeps the metal complexes within a chain separated. In one dimension, pairs of halogen 
bonded chains also separate the chains of metal complexes so that the smallest inter-chain Ni-Ni 
distance is 12.39 Å and direct intermolecular interaction between chains of complexes is prevented. In 
the other direction, MeOH molecules occupy voids between stacks of metal complex chains and 
halogen bonded chains. The MeOH hydrogen bonds to I–, but is not involved in halogen bonding. 
As the initial experiment provided a limited quantity of 3, the co-crystallisation of [Ni(phen)3]I2 and 
1,3-DITFB was repeated on a larger scale, again with a 1:2 ratio of components, but with a higher 
initial concentration of both components. Rather than the facile formation of large prismatic crystals 
observed previously, in this case, fine crystalline material developed over approximately one hour. 
SCXRD identified the crystalline material as a new co-crystal phase, [Ni(phen)3][(1,3-DITFB)3I2] (4) 
(Figure 4). 
There are two distinct halogen bond motifs present in crystals of 4; a simple linear chain consisting of 
alternating ditopic 1,3-DITFB and ditopic I–, and a branched 1D chain consisting of a ditopic 1,3-
DITFB/tritopic I– “stem” with monotopic 1,3-DITFB “pendants” (Figure 4 (a)). The major difference 
between the two motifs is simply the I– topicity. In the crystal, the linear and branched linear motifs 
are each essentially planar, and propagate almost perpendicularly to each other, down the a and b 
axes, respectively.  
In the simple linear chain motif, the ca. 113° halogen bond topology at both the I– and 1,3-DITFB 
centres gives a basic zigzag arrangement. In the branched motif, tritopic iodide ions (I1) connect three 
1,3-DITFB molecules. Two of the 1,3-DITFB molecules are ditopic, allowing for the propagation of 
an infinite zigzag halogen bonded chain (ca. 127° at each node). The third monotopic 1,3-DITFB 
molecule comprises the “pendant” component of the motif and is essentially co-planar with the 
ditopic DITFB molecules of the “stem”. For each motif, overlap between the halogen-bonded chains 
results in OFF π-stacking interactions. There are also several EF π interactions between the phen 
ligands and 1,3-DITFB molecules at each complex. A significant consequence of the orthogonal 
arrangement of the two halogen bond motifs, is the formation of a framework that efficiently 
separates [Ni(phen)3]2+ ions, so there is no inter-complex interaction, with a shortest metal-metal 
distance of 11.58 Å (Figure 4 (b)).  
 
[Ni(phen)3][(1,3,5-TITFB)2I2]·0.5MeOH·1.5H2O (5) 
Mixing methanolic solutions of 1,3,5-TITFB and [Ni(phen)3]I2 resulted in almost immediate 
precipitation of microcrystalline material. When the experiment was repeated at much lower 
concentrations, pink prismatic crystals formed over one hour. SCXRD and PXRD identified the 
material as [Ni(phen)3][(1,3,5-TITFB)2I2]⋅0.5MeOH⋅1.5H2O (5). Packing analysis indicates that both 
the 1,3,5-TITFB molecules and I– ions are tritopic. The halogen bond interconnectivity between these 
nodes gives two interpenetrated 3D halogen bond networks (Figure 5 (a,b)). Each platonic uniform 
halogen bonded net takes the form of a (10,3)-b (Wells notation) or three-connected ths style net.26, 
27,28 These types of nets are notable for their ability to expand and contract depending on the degree of 
interpenetration and the nature of guest species within the net, in this case the [Ni(phen)3]2+ cations 
and solvent molecules (Figure 5 (c)).  
Each nickel complex cation is surrounded by eight neighbouring complexes (octahedral arrangement), 
including three equatorial neighbours with Ni-Ni distances of <11 Å; two at 10.91 Å and one at 10.46 
Å. EF and vertex-to-face (VF) π interactions occur between neighbouring complexes but none of the 
OFF or EF motifs typical of tris(phen) complexes are present. The pairs of complexes at 10.46 Å Ni-
Ni separations have the same unusual relative spatial arrangement as observed in the neighbouring 
complexes in 3 and 6, with parallel phen ligands. The complex cations with 10.91 Å Ni-Ni separations 
have similar π interactions but with relative rotation between the complexes. Within the crystal 
structure, the short Ni-Ni vectors form a virtual 2D (6,3) net, with a distance of 12.01 Å 
perpendicularly between each net. (Figure 5 (c))  
There is some disorder in the solvate molecules in this structure. A single water molecule is 
disordered over two positions with equal occupancy, centrally within the unit cell (O1 and O3). In 
addition, a methanol molecule has a position with 50% occupancy, while another water molecule has 
50% occupancy at a site nearby. The solvent molecules are found between the nickel complex sheets 
and are not involved in halogen bonds, or conventional hydrogen bonds, although there may be C-
H···O hydrogen bonds between the methanol oxygen atom (O2) and phen C-H sites. 
 
Chloride-based halogen bond frameworks 
The combination of IPFBs and [Ni(phen)3]I2 consistently resulted in the formation of co-crystals in 
which halogen bonding between IPFB and I– centres gave fluorocarbon/iodide domains of varying 
topology and dimensionality. Accordingly, the [Ni(phen)3]2+ complexes were arranged in a variety of 
motifs, varying from discrete complex ions to 2D nets propagating throughout the crystal structure. 
We subsequently turned our attention to the preparation of chloride analogues of these materials, 
based on the corresponding [Ni(phen)3]Cl2 building block. As halogen bonds involving Cl– acceptors 
are typically shorter than those involving I– it is reasonable to expect a decrease in the spacing of the 
halogen bond network and metal-metal spacing in the corresponding co-crystals. Additionally, the 
single crystal X-ray structure was determined for the corresponding [Ni(phen)3]Cl2 salt for 
comparison with the co-crystal structures.  
[Ni(phen)3][(1,3-DITFB)2(H2O)2Cl2]·1.5MeOH (6) 
The combination of 1,3-DITFB and [Ni(phen)3]Cl2·7.5H2O led to the growth of relatively large, pink, 
plate-like crystals, which were confirmed by SCXRD to be co-crystals [Ni(phen)3][(1,3-
DITFB)2(H2O)Cl2]·1.5MeOH (6). Crystal packing analysis indicated that 6 is essentially isostructural 
with 3, its closely related I– analogue. As in 3, crystals of 6 feature ditopic 1,3-DITFB and halide 
nodes, forming wavelike 1D halogen-bonded chains (Figure 6). Again, pairs of halogen bonded 
chains interact through π interactions. A significant difference noted in this structure is the presence of 
water, which hydrogen-bonds to every second chloride ion along the halogen bonded chain. We 
believe that the decreased size of Cl– relative to I– allows the accommodation of the water molecule in 
the crystal lattice of 6. Cl– is also a stronger hydrogen bond acceptor than I–, and therefore is more 
likely to absorb water into the crystal lattice. As seen in structure 3, molecules of MeOH are not 
involved in halogen bonding but occupy lattice voids between stacks of halogen bonded chains and 
metal-complex chains. One of the MeOH molecules is present at 50% occupancy while the other is 
fixed and hydrogen bonds to chloride. 
The metal complex cations are again organised into unusual 1D chains, with atypical inter-complex 
edge-to-face arrangements that fall well outside the normal range of EF parameters.25 The intra- and 
inter-chain metal-metal spacings found in the structure of 6 (10.03 and 12.08 Å respectively; Figure 6) 
are slightly shorter than those found in the isostructural 3 (10.11 and 12.39 Å respectively). This is 
attributed to the reduction in halogen bond length observed when switching from iodide to chloride. 
Shortening the halogen bonds results in a slightly more compact halogen bond network. As the 
halogen bond network is responsible for the separation of chains of metal complexes, this smaller 
network results in shorter metal-metal spacings. This is more evident in the inter-chain Ni-Ni spacings 
(2.5% decrease) than the intra-chain spacings (0.8% decrease), as the halogen bond network plays 
little influence on the latter. These observations indicate that the choice of anion can provide a means 
to finely tune the spacings between chains of metal complexes. 
 
[Ni(phen)3][(1,3,5-TITFB)2Cl2] (7) 
The co-crystallisation of 1,3,5-TITFB with [Ni(phen)3]Cl2·7.5H2O gave well-formed, pink, prismatic 
crystals which were identified as [Ni(phen)3][(1,3,5-TITFB)2Cl2] (7) with the aid of SCXRD analysis. 
Crystal packing analysis shows that the 1,3,5-TITFB molecules halogen bond with tritopic chloride 
ions to form rippled 4.82 (Schläfli nomenclature) 2D supramolecular sheets (Figure 7). Adjacent 
sheets are offset, but overlap such that π interactions form between 1,3,5-TITFB molecules (blue 
square in Figure 7 (c)). The metal complex cations interact through OFF interactions to form the less 
common “inner” variant of the OFF zigzag chain in which the cleft between the overlapping phen 
ligands is parallel to the chain’s axis of propagation (pink square in Figure 7 (b)).25 These chains 
propagate through channels in the stacked halogen-bonded sheets (grey ovals in Figure 7 (a), red 
rectangle in Figure 7 (c)). Within the 1D chains of metal complexes, Ni centres are 9.17 Å apart, 
while the shortest distance between metal centres of adjacent 1D chains is 11.74 Å. Metal-complexes 
also form π-interactions with molecules of 1,3,5-TITFB (blue square in Figure 7 (c)).  
 
 
 
[Ni(phen)3]Cl2·Me2CO·9H2O (8) 
Single crystals of [Ni(phen)3]Cl2·Me2CO·9H2O suitable for X-ray analysis were grown by slow 
vapour diffusion of acetone into an aqueous solution of [Ni(phen)3]Cl2. The compound crystallised in 
space group P1 with one complex, two chloride anions, an acetone molecule and nine water 
molecules in the asymmetric unit. [Ni(phen)3]2+ cations are arranged into 1D zig-zag chains that 
propagate through an OFF π interaction motif similar to that found in 7. These chains are linked by EF 
π interactions into 2D sheets, which alternate with slabs of water and anions. The shortest distances 
between metal ions within a single chain motif are 9.05 Å, those between metals in separate motifs 
within the same sheet are 9.78 Å, while those between metals of different layers being 12.11 Å. 
 
Crystallisation 
The co-crystallisation of DITFBs with [Ni(phen)3]2+ halides produced an array of new materials with 
diverse halogen bonding and metal complex supramolecular motifs (summarised in Table 1). 
Experimentally, these systems are readily accessible and in the majority of cases studied here, co-
crystallisation is kinetically and/or thermodynamically favoured over the crystallisation of pure phases 
of each building block. An exception to this was the failure of 1,2- and 1,4-DITFB to form well-
defined co-crystals with [Ni(phen)3]Cl2 that were suitable for SCXRD analysis. Even in these cases 
however, PXRD of the pink crystalline product suggested the presence of a new phase, different to 
either of the starting materials (Supp. Figures S1 and S2).  
The experimental IPFB/[Ni(phen)3]X2 ratios were chosen on the basis of a deliberately simplistic goal 
of forming continuous halogen bond arrays, in which the IPFB halogen bond donor sites are saturated, 
and each halide replicates the topicity of the IPFB present. This was done with the understanding that 
realistically, such simplistic motifs would not necessarily be borne out in the actual products. In 
practice this translated to a 2:1 IPFB/[Ni(phen)3]X2 ratio in the crystallisation experiments. This 
manifested as 2:1 and 3:1 ratios in the co-crystals, with only two systems (3, 4; at 3:1) diverging from 
the stoichiometry of the crystallisation solution (2:1). It is conceivable that altering the starting ratio 
of the experiment could influence the ratio in the co-crystals, leading to additional interesting 
products.  
 
Supramolecular motifs: Halogen bonding 
In the majority of the co-crystals, halogen bonding between the IPFB and halide ions creates a 
continuous halogen bond framework in at least one dimension. The exception to this is system 2, 
where discrete clusters consisting of two 1,2-DITFB and two I– species are observed. It is possible 
that the ortho- arrangement of donor iodine atoms is conducive to discrete halogen bond complexes 
rather than infinite networks, however more extensive study of systems involving 1,2-DITFB as a 
donor are necessary to form any concrete conclusions regarding this. There is significant diversity 
within the halogen bond motifs observed in these systems. The topologies of the halogen bond 
networks are strongly related to the substitution pattern of the halogen bond donors, but essentially 
impossible to predict, based solely on the topicity and geometry of the IPFB alone. Di- and tri-topic 
halogen bond donors are not necessarily saturated, as seen for 2 and 4, which exhibit mixtures of 
monotopic and ditopic DITFB molecules.  
The halide halogen bond acceptors also contribute significantly to the topological diversity of the 
halogen bond networks, due to their spherical shape and variable topicity. The angle between halogen 
bonds (I···X−···I) at polytopic I– nodes varies here from 75.0° (1) to 159.5° (2). Notably, these 
extremes are both observed at ditopic I– centres. For Cl–, the variation in angles is similar, with the 
extremes of 79.9° and 159.1° noted at the T-shaped tritopic Cl– node in 7. These ranges are consistent 
with those reported elsewhere.8 While halides can form up to eight halogen bonds,19, 29, 30 in every 
system here they accept the more-usual two or three halogen bonds, with the exception of a 
monotopic I– in 2.  
The C–I···X− angles are consistent throughout the frameworks, mostly varying from 178.9° (5) to 
167.6 (1), although an angle of 153.8° is noted at the tritopic Cl– node in 7.  
Table 1, summarises the structural motifs exhibited by the co-crystals. 1D chains of ditopic DITFB 
molecules and di- or tri-topic halides are common halogen bond motifs. Within the chains, the DITFB 
molecules are approximately co-planar, lying within the plane of the chain. The chains zigzag in 
various, sometimes unpredictable, manners according to the substitution of the DITFB isomer and 
halogen bond geometry around the halide node. In several cases the linear chains are decorated at tri-
topic halide nodes through hydrogen bonds or halogen bonds with pendant species, such as water (6) 
or DITFB (4, 1), respectively.  
The three systems based on 1,3-DITFB are excellent examples of this variability. The I···Cl−···I 
angles within the propagating chains are consistent at 116.3° - 129.2°, but while the direction of these 
chain-propagating halogen bonds is the same at every Cl− node within a chain in 4, it alternates in 3 
and 6 to give a more “undulating” wave-form. In co-crystal 6, every second Cl– node hydrogen bonds 
with water. Structure 4 contains two 1D chain motifs – one has a pendent DITFB molecule at each Cl− 
node (tritopic) while the other chain motif is undecorated, with no pendant species. In 3, the chain is 
again undecorated by pendant species. 
In co-crystal 1 the linear chain is rather unusual, featuring an 8-species repeat unit, with pendant 1,4-
DITFB molecules at the tritopic I− nodes, giving a planar ribbon-like structure. Pseudo 2D sheets are 
created from co-planar and parallel arrangements of neighbouring ribbons. There is no direct 
interaction between neighbouring ribbons, but disordered MeOH molecules halogen bond to pendant 
1,4-DITFB molecules along the long edges of each ribbon.  
The halogen bond motifs in the co-crystals based on 1,3,5-TITFB, 5 and 7, exhibit higher 
dimensionality than those based on DITFBs. In both materials, the halide and TITFB form trigonal 
nodes. In 7, unusual rippled 4.82 2D nets are formed and stack through OFF interactions. As discussed 
above, the T-shaped geometry around the Cl− nodes lies at the extreme range of the values observed in 
these materials. Two interpenetrating 3D halogen bond networks are present in 5. Again, these (10,3)-
b or three-connected ths style nets26, 27 are offset giving π-π overlap between corresponding TITFB 
nodes. 
As observed in 5 and 7, π interactions between IPFBs can promote ordering between neighbouring 
halogen bond motifs. In many of the co-crystals, the halogen bond motifs are arranged in offset 
parallel pairs, creating π overlap between IPFB molecules in the neighbouring motifs. Notably 
however, the formation of higher-order structure is not apparent, beyond the pairing of the primary 
halogen bond motif. This is most likely due to the requirement to accommodate the sterically 
demanding nickel complex cations within the crystal lattice. 
 
Supramolecular motifs: Nickel complexes 
The power of the co-crystallisation regime investigated here is the ability to manipulate the spacing 
and relatively geometry of the metal complexes in the solid state crystal, beyond what is possible for 
the polymorphs of the pure complex and its solvates. To evaluate the nickel complex motifs in the co-
crystals, it is useful to compare them to the crystal structures of the corresponding [Ni(phen)3]X2 salts 
(X = I, Cl), namely [Ni(phen)3]I2·3H2O (CSD code SIRKOT),31 one of the stable polymorphs32 of 
racemic [Ni(phen)3]I2, and [Ni(phen)3]Cl2·Me2CO·9H2O (8).  
In the crystal structure of [Ni(phen)3]I2·3H2O, EF interactions between the phen ligands arrange 
canted OFF stacks into 2D sheets. Within the 1D OFF stacks the Ni centres are separated from their 
nearest neighbours by 9.33 Å (2 x OFF interactions) and 10.71 Å (2 x EF interactions). Complexes in 
adjacent stacks interact via EF interactions to give 2D sheets with inter-stack Ni-Ni separation of 
10.31 Å. The 2D sheets are arranged in pairs to create 2D slabs with close packing but no specific EF 
or OFF interactions between the sheets (Ni-Ni separation of 9.72 Å). The slabs are separated by 
channels of hydrogen-bonding water molecules and I– ions. In contrast to the co-crystals investigated 
here, each complex cation exhibits multiple inter-complex π-π interactions, and has 7 near neighbours 
with Ni-Ni distances of <11.0 Å. The resulting metal complex motifs are more complicated and 
hierarchical, with higher dimensionality than those typically observed in the co-crystals. 
Nickel complex motifs in the co-crystals were identified and categorised on the basis of the distance 
between Ni centres and, correspondingly, the degree of π-interaction between the phen ligands on 
neighbouring complex cations. Examination of the Ni-Ni distances in the co-crystals reveals three 
distinct clusters of contacts: 
1. Very close contacts (<9.5 Å) with substantial overlap of the phen ligands of a complex with 
those of its neighbours, giving significant OFF, EF and VF π-interaction (1 and 7). 
2. Close contacts (10 - 11 Å) with some interaction of phen ligands on neighbouring complexes 
(2, 3, 5, 6). 
3. Longer contacts (>11.5 Å) with little to no interaction between neighbours. 
The metal complex motifs are identified according to interactions in cluster types 1 and 2. The van der 
Waals radius of the complex cation is approximately 11 Å, so Ni-Ni separations of <11 Å implies 
overlap of the ligands and hence the presence of phen-phen interactions. The long Ni-Ni distances of 
type 3 generally occur when the halogen bond network intrudes upon the space between the 
complexes.  
The interplay between the halogen bond networks and phenanthroline aryl embraces has produced a 
variety of nickel complex cation motifs in the co-crystals studied here. The complex cations reside 
either in the space between the halogen bond motifs or within voids in the halogen bond network. At 
the lower extreme of motif dimensionality, isolated complex cations are observed in 4 (smallest Ni-Ni 
= 11.58 Å), each being separated from neighbouring complexes by the two different, geometrically 
orthogonal linear halogen bond motifs. In 1, the complexes are arranged in isolated pairs, with a tight 
P4AE interaction between the complexes giving a Ni-Ni separation of 8.90 Å. Remarkably, this is a 
smaller separation than observed in the [Ni(phen)3]I2·3H2O (9.33 Å; SIRKOT), indicating that the 
halogen bond framework can actually reduce inter-metal distances in a co-crystal environment, rather 
than simply increasing separation between the complexes.  
While 1D chains are the most common type of nickel complex motif observed here, there is 
appreciable diversity within these motifs. In most cases, the chains do not follow the normal pattern of 
extended motifs observed for metal phenanthroline complexes, afforded by the OFF – P4AE – (EF)2 
continuum of secondary interactions.25 The exception to this is 7, which features a 1D inner OFF 
zigzag chain of nickel complex cations, similar to that observed in 8 which propagates through the 
spaces in the stacked 2D nets of the halogen bond network. This tight packing arrangement results in 
a Ni-Ni separation (9.17 Å) only slightly greater than that observed in 8 (9.05 Å). 
Co-crystals 3 and 6 show significant structural similarities, with their metal complex cations 
organised into unusual wave-like 1D chains, with atypical inter-complex edge-to-face π arrangements 
that fall well outside the normal range of EF parameters.25 The wave-like halogen bonding network 
and linear nickel complex motifs run in parallel through the co-crystal structure. The halogen bond 
networks effectively weave around the phen ligands and isolate each linear nickel complex motif from 
its neighbours. 
OFF pairs of complex cations are arranged into linear 1D chains in 2 via through non-typical EF 
interactions at the limit of the motif definition.25 Close approach between pairs within the chain is 
prevented by DITFB molecules of the 4-component halogen bonded supramolecular complexes, 
which also separate the chains from their neighbours. 
Outside of the 1D chain motifs, the highest dimensionality occurs in co-crystal 5, with the formation 
of a 2D (6,3) net of complex cations. The nets are penetrated and linked by the two interpenetrating 
halogen bond networks in the co-crystal. 
 
Effect of the halide 
The nickel complex cation was utilised in the form of both its chloride, [Ni(phen)3]Cl2, and iodide, 
[Ni(phen)3]I2 salts in order to study the effect of the halide. Stronger halogen bonds were expected 
with the smaller Cl– anion due to its greater charge density.33 Conversely, I– forms longer halogen 
bonds due to its greater size, suggesting that the corresponding halogen bond networks may be more 
flexible in accommodating the metal complex cations. In practice, high-quality co-crystals were 
obtained more often from [Ni(phen)3]I2 than [Ni(phen)3]Cl2.  
The nature of the halide significantly affects the halogen bond networks and, consequently, the metal 
complex motifs in the co-crystals. In the co-crystal systems studied here, every halide anion was 
involved in halogen bonding – there were no examples of halide ions in the role of innocent 
counterion. Examples of mono-, di- and tri-topic I– nodes were observed across five co-crystal 
systems. The Cl– nodes were found to be polytopic in co-crystals 6 and 7. Monotopic Cl– nodes were 
not observed but the structures studied here are obviously not exhaustive. 
It is notable that there is only one clear example of a supramolecular motif being maintained between 
the analogous Cl– and I– systems. Co-crystals 3 and 6 are based on the same nickel complex cation 
and 1,3-DITFB, but contain different halides. In both co-crystals, a 1D undulating wave-like halogen 
bond chain is formed, along with a 1D chain of complex cations. In focussing on the effect of the 
halide on the nickel complex separation, it is obvious that the smaller Cl– node of 6 results in a more 
compact framework (Pauling ionic radius34 for Cl– = 181 pm vs 220 pm for I–). The inter-chain Ni-Ni 
spacings, which are more affected by the halogen bond network than the intra-chain spacings, 
decrease by 2.5%. Such changes are small but potentially significant for physical properties such as 
spin-crossover, and indicate that the choice of anion may provide a means of finely tuning metal-
metal spacing in such systems.  
The smaller ionic radius of the Cl– nodes may also be responsible for the greater incorporation of 
solvent molecules (water, MeOH) in co-crystals such as 6, relative to their I– counterparts. Cl– is 
recognised as a better hydrogen bond acceptor35 than I– and it is notable that in 6, every second Cl– 
node hydrogen bonds with water while also accepting two halogen bonds. 
The lengths of most of the C–I···Cl− contacts observed in 6 and 7 (3.14 – 3.20 Å) lie firmly within the 
typical range of C–I···Cl− halogen bonds recorded in the CSD (mean = 3.18 Å; median 3.15 Å; SD = 
0.15 Å). The exception is the longer 3.48 Å halogen bond in 7 which forms the stem of the T-shaped 
Cl– nodes. Notably, the corresponding C–I···Cl− angle (153.8°) deviates the furthest from linearity of 
all the halogen bonds in this study, which is consistent with the general rule-of-thumb correlating 
longer halogen bonds with deviation from C–I···X− linearity.8 The range of C–I···I− contacts in co-
crystals 2–5 (3.34 – 3.66 Å) are similarly typical of C–I···I− halogen bonds recorded in the CSD 
(mean = 3.53 Å; median 3.50 Å; SD = 0.15 Å). 
 
 Formula Framework Nickel complex motif Ni-Ni distances within 
motif /Å 
Shortest Ni-Ni distance 
(outside motif) /Å 
[Ni(phen)3][(1,4-DITFB)3(MeOH)0.5I2] (1) 2D ribbons  Isolated pairs in P4AE 8.90 11.73 
[Ni(phen)3][(1,2-DITFB)2I2].MeOH (2) Linear 4-component 
sequences 
1D chains of pairs 10.20, 10.24 11.87 
[Ni(phen)3][(1,3-DITFB)2I2].2MeOH (3) 1D chains 1D chains 10.11 12.39 
[Ni(phen)3][(1,3-DITFB)3I2] (4) Linear chain + linear 
chain with pendants 
isolated Not applicable 11.58 
[Ni(phen)3][(1,3,5-TITFB)2I2].0.5MeOH.1.5H2O (5) 2 x interpenetrating 
3D networks 
2D (6,3) net 10.46, 10.91 12.01 
[Ni(phen)3][(1,3-DITFB)2(H2O)2Cl2].1.5MeOH (6) Linear chains with 
pendant water 
1D chains 10.03, 10.04 12.08 
[Ni(phen)3][(1,3,5-TITFB)2Cl2] (7) 2D rippled 4.82  nets 1D inner OFF zigzag 
chains 
9.17 11.74 
[Ni(phen)3]Cl2·Me2CO·9H2O (8) Not applicable 2D sheets = 1D OFF 
zigzag chains linked by 
EF π interactions   
9.05 within chain, 
9.78 between chains 
12.11 
[Ni(phen)3]I2.3H2O (SIRKOT) Not applicable Slabs = 2 x 2D sheets of 
canted OFF stacks 
9.33 within stack, 
10.31 between stacks, 9.72 
between sheets 
11.06 
 
Table 1: Summary of the halogen bonded frameworks and metal complex motifs in the co-crystals and in the pure crystals of [Ni(phen)3]I2 and 
[Ni(phen)3]Cl2. 
  
 [Ni(phen)3] 
[(1,4-DITFB)3(MeOH)0.5I2] 
(1) 
[Ni(phen)3] 
[(1,2-DITFB)2I2]·MeOH 
(2)  
[Ni(phen)3] 
[(1,3-DITFB)2I2]·2MeOH 
(3) 
[Ni(phen)3] 
[(1,3-DITFB)3I2] 
(4) 
Formula C54.5H26F12I8N6NiO0.5 C49H28F8I6N6NiO C50H32F8I6N6NiO2 C54H24F12I8N6Ni 
M 2074.72 1688.88 1720.92 2058.70 
Crystal System triclinic triclinic monoclinic triclinic 
Space Group P1¯  P1¯  C2/c P1¯  
a / Å 13.1246(3) 11.8714(5) 13.3977(4) 11.5779(3) 
b / Å 14.7460(5) 12.9456 (5) 22.8549(7) 12.5754(3) 
c / Å 16.2114(5) 18.4452 (8) 17.8624(5) 20.7710(5) 
α / ° 97.401(2) 100.963(4)  81.540(2) 
β / ° 108.101(2) 103.509 (4) 102.382(3) 89.497(2) 
γ / ° 92.277(2) 105.203(4)  79.805(2) 
V / Å3 2946.8(2) 2562.5(2) 5342.3(3) 2943.6(1) 
T / K 173(2) 173(2) 173(2) 173(2) 
Dc / g cm−3 2.338 2.189 2.140 2.323 
Z 2 2 4 2 
Colour pink pink pink pink 
Habit block plate block block 
Dimensions 0.28 × 0.14 × 0.09 0.27 × 0.22 × 0.05 0.40 × 0.16 × 0.10 0.12 × 0.10 × 0.04 
µ(MoKα) / mm−1 4.602 4.066 3.904 4.605 
Tmin,max 0.567, 1 0.289, 1 0.475, 1 0.683, 1 
Nind (Rint) 13222 (0.020) 11585 (0.033) 6176 (0.028) 40219 (0.042) 
Nobs – (I > 2σ(I)) 10283 8407 4619 13820 
Nvar 737 644 334 730 
R1A 0.0285 0.0343 0.0284 0.0432 
wR2A 0.0537 0.0639 0.0609 0.0891 
A, B 0.02, 0 0.02, 0 0.03, 0 0.03, 5.8 
GoF 0.1.081 1.021 1.006 1.042 
∆ρmin,max / e− Å−3 −1.516, 1.310 −1.546, 1.178 −0.886, 1.277 −1.902, 2.228 
A Reflections with [I > 2σ(I)] considered observed. R1 = Σ||Fo| – |Fc||/Σ|Fo| for Fo > 2σ(Fo) and wR2(all) = {Σ[w(Fo2 – Fc2)2]/Σ[w(Fc2)2]}1/2 where w = 1/[σ2(Fo2) + (AP)2 + BP], 
P = (Fo2 + 2Fc2)/3. 
  [Ni(phen)3] 
[(1,3,5-TITFB)2I2]·0.5MeOH·1.5H2O 
(5)  
[Ni(phen)3] 
[(1,3-DITFB)2(H2O)2Cl2]·1.5MeOH 
(6)  
[Ni(phen)3] 
[(1,3,5-TITFB)2Cl2] 
(7)  
[Ni(phen)3]Cl2·Me2CO·9H2O 
(8) 
Formula C48.5H29F6I8N6NiO2 C49.5H34Cl2F8I4N6NiO3.5 C48H24Cl2F6I6N6Ni C39H48Cl2N6NiO10 
M 1915.69 1558.05 1689.74 890.44 
Crystal System monoclinic triclinic orthorhombic triclinic 
Space Group P21/n P1¯  Pbcn P1¯  
a / Å 19.7355(8) 13.0371(6) 15.8235(3) 12.1067(6) 
b / Å 13.8512(4) 13.2347(6) 22.3290(4) 12.7839(5) 
c / Å 21.9731(8) 17.2909(7) 13.8934(3) 15.1997(7) 
α / °  78.438(4)  96.981(4) 
β / ° 110.584(4) 86.946(3)  94.116(4) 
γ / °  62.593(4)  114.439(4) 
V / Å3 5623.1(4) 2592.2(2) 4908.9(2) 2106.3(2) 
T / K 173(2) 173(2) 173(2) 173(2) 
Dc / g cm−3 2.263 1.994 2.286 1.404 
Z 4 2 4 2 
Colour pink pink pink pink 
Habit block block block block 
Dimensions 0.30 × 0.20 × 0.10 0.17 × 0.09 × 0.08 0.15 × 0.07 × 0.06 0.27 × 0.18 × 0.11 
µ(MoKα) / 
mm−1 
4.800 2.938 4.343 0.650 
Tmin,max 0.249, 1 0.831, 1 0.728, 1 0.958, 1 
Nind (Rint) 13189 (0.050) 20952 (0) 5619 (0.026) 8578 (0.020) 
Nobs – (I > 2σ(I)) 9925 14131 3924 7694 
Nvar 644 680 312 542 
R1A 0.0393 0.0406 0.0257 0.0662 
wR2A 0.0869 0.0807 0.0456 0.1885 
A, B 0.0264, 7.4197 0.035, 0 0.0156, 0 0.1, 5.2 
GoF 1.064 1.065 1.003 1.039 
∆ρmin,max / e− Å−3 −1.154, 1.273 −0.706, 1.102 −0.789, 1.082 −1.403, 0.976 
A Reflections with [I > 2σ(I)] considered observed. R1 = Σ||Fo| – |Fc||/Σ|Fo| for Fo > 2σ(Fo) and wR2(all) = {Σ[w(Fo2 – Fc2)2]/Σ[w(Fc2)2]}1/2 where w = 1/[σ2(Fo2) + (AP)2 + BP], 
P = (Fo2 + 2Fc2)/3. 
 
Table 2: Crystal and refinement data for 1 - 8. 
 
Conclusions 
We have conclusively demonstrated the viability of assembling metal complexes into new 
supramolecular motifs - radically different to those in the native complex salts - through the use of a 
heteromeric 3-component co-crystallisation regime based on halogen-bonding interactions. The 
combination of iodoperfluorocarbons and halide anions has proven to be well suited to this approach 
giving access to well-defined halogen bond frameworks that accommodate sterically demanding metal 
complex cations. While the variability in denticity, bond type (hydrogen bond vs halogen bond) and 
bond geometry of the halide tectons may complicate crystal engineering strategies, it dramatically 
enhances success in producing co-crystals and broadens the structural variability accessible within 
these materials. 
In most cases co-crystallisation of the building blocks occurred readily, and the possibilities of 
polymorphs were demonstrated with systems 3 and 4. The extended supramolecular metal complex 
motifs common to many metal phenanthroline complexes25 were disrupted by the halogen bond 
framework in the co-crystals here. Metal complex motifs of varying dimensionality were observed, 
ranging from effective isolation (4) to isolated pairs (1) and at the opposite extreme, a 2D net (5). 
Modifying the metal-complex motif provides a method of tuning both metal-metal separation and 
connectivity, which is an important outcome for developing functional materials. Accordingly, we are 
currently utilising this approach in our investigation of spin-crossover materials. 
 
Experimental Section 
Crystallography 
Single crystal X-ray diffraction data were collected for systems 2 - 8 at 173(2) K under the software 
control of CrysAlis CCD36 on an Oxford Diffraction Gemini Ultra diffractometer using Mo-Kα 
radiation generated from a sealed tube. Data reduction was performed using CrysAlis RED.36 Multi-
scan empirical absorption corrections were applied using spherical harmonics, implemented in the 
SCALE3 ABSPACK scaling algorithm, within CrysAlis RED36 and subsequent computations were 
carried out using the WinGX v2014.1 graphical user interface.37 The structures were solved by direct 
methods using SIR9738 and refined with SHELXL-2014/6.39 Full occupancy non-hydrogen atoms 
were refined with anisotropic thermal parameters. C–H hydrogen atoms were included in idealised 
positions and a riding model was used for their refinement. Where oxygen bound hydrogen atoms 
could not be located in the difference Fourier map, they were not included. Disorder where present 
was modelled using standard crystallographic methods including bond length and angle restraints 
when necessary. Crystal data and refinement details for systems 2 - 8 are supplied in Table 2. The CIF 
files have been deposited with the Cambridge Structural Database (CCDC reference numbers 
1419769 - 1419776) and can be obtained free of charge via 
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk). 
 
Powder XRD 
PXRD data were collected on a PANalytical X’PERT-PRO diffractometer with a beta filtered (Ni) 
PW3373/10 Cu X-ray tube, operating at 40 kV and 40 mA, Kα1 = 1.540598 Å (Supp. Figures S1 – 
S8). A thin film of powdered sample was adhered to a piece of low-diffraction silicon wafer (20 x 30 
x 0.6 mm) with an ultra-thin layer of Vaseline. This thin film technique ensures small sample 
displacement error relative to that of an infinitely thick sample, and requires little material (20–50 
mg). As PXRD patterns were only required for comparison to patterns simulated from SCXRD data, 
to confirm bulk sample structural purity, only peak positions were of primary concern. Diffraction 
data were collected in conventional Bragg-Brentano geometry using a 1D silicon strip detector 
(X'Celerator). Diffraction patterns were recorded from 3.5 to 40° 2θ with an approximate 0.017° 2θ 
step-length over approximately 30 minutes. Powder diffraction data were collected with a 
programmable divergence slit for a 20 mm irradiation length and a 15 mm axial width. 
 
Syntheses 
1,2-Diiodotetrafluorobenzene (1,2-DITFB) (99%) and 1,4-diiodotetrafluorobenzene (1,4-DITFB) 
(98%) were purchased from Sigma-Aldrich. 1,3- Diiodotetrafluorobenzene40 (1,3-DITFB) and 1,3,5-
triiodotrifluorobenzene41 (1,3,5-TITFB) were prepared by previously reported methods. Elemental 
microanalyses were determined on a Carlo Erba NA1500 Elemental Microanalyser.  
 
[Ni(phen)3]Cl2·Me2CO·9H2O (8) and [Ni(phen)3]Cl2·7.5H2O 
This complex was synthesised according to a literature procedure.42 SCXRD analysis of a crystal 
freshly removed from the mother liquor indicated that the crystal structure contained a solvated 
acetone molecule and nine solvated water molecules per [Ni(phen)3]Cl2 unit (8). However, it was 
found that exposure of a sample to air resulted in partial solvent loss; elemental analysis of a sample 
left open to air for a period of weeks indicated that a stable hydrated material had formed containing 
7.5 water molecules per complex. As it was discovered that loss of solvent resulted in a loss in 
crystallinity, powder data for 8 were collected within minutes of removing a sample of recrystallised 
material from the mother liquor in order to minimise solvent loss prior to data collection. (Supp. 
Figure S3). Found C 53.86 H 4.57 N 10.38. Calc. for C30H24Cl2N6Ni·7.5(H2O) C 53.69 H 4.88 N 
10.44%. PXRD (Cu Kα1 1.540598 Å): °2θ = 5.87, 7.63, 8.02, 8.20, 8.35, 8.74, 9.96, 10.43, 11.74, 
12.49, 13.32, 13.54, 14.33, 15.04, 15.40, 15.73, 16.10, 16.44, 16.75, 17.34, 17.52, 17.94, 19.95, 20.18, 
20.47, 20.89, 21.20, 21.63, 22.05, 22.40, 23.21, 23.94, 24.28, 24.99, 25.24, 26.21, 26.72, 27.51, 28.16, 
31.30, 32.52, 32.94, 34.68, 35.15. 
 
[Ni(phen)3]I2·2H2O 
[Ni(phen)3]I2·2H2O was prepared from the corresponding chloride. The chloride salt was dissolved in 
a minimum volume of water. Saturated aqueous KI was added dropwise until precipitation ceased and 
the suspension was cooled to ca. 4 °C. The solid product was recovered by vacuum filtration, 
thoroughly washed with deionized water and then Et2O, and dried over silica gel. Found C 48.90 H 
3.04 N 9.57. Calc. for C36H24I2N6Ni·2(H2O) C 48.63 H 3.17 N 9.45%. 
 
Co-crystallisation 
Racemic mixtures of the nickel complexes were used in all cases. The compounds to be co-
crystallised (total mass ca. 10–30 mg) were dissolved in separate portions of a volatile solvent (ca. 0.5 
to 1 cm3) in small glass sample vials. Where necessary, dissolution was aided by sonication. Once 
dissolved, the solutions were combined and filtered. In some cases, ca. 0.2 – 0.5 cm3 of a miscible, 
non-volatile solvent was added, such that no immediate precipitation occurred. A lid was loosely 
fitted to the vial, allowing for slow evaporation of the solvent. To avoid ambiguity, here the structural 
formulae of the co-crystals are given as: [Ni(phen)3][(DITFB)x(halogen bonded solvent)y(halogen 
bonded halide)2]·solvate. 
 
[Ni(phen)3][(1,4-DITFB)3(MeOH)0.5I2] (1) 
Co-crystals formed over 7 days in a sealed vial containing a solution of 1,4-DITFB (82.2 mg, 205 
μmol) and [Ni(phen)3]I2·2H2O (60.6 mg, 68.2 μmol) in MeOH (7.0 cm3). SCXRD analysis revealed a 
crystal structure of [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5I2]. Found C 31.61 H 1.20 N 4.01. Calc. for 
3:1 complex C54.5H26F12I8N6O0.5 C 31.55 H 1.26 N 4.05. PXRD (Cu Kα1 1.540598 Å): °2θ = 6.028, 
7.117, 7.562, 7.688, 8.919, 9.530, 9.820, 10.50, 11.36, 11.51, 12.06, 13.42, 13.55, 14.56, 14.97, 15.16, 
15.38, 15.81, 15.96, 16.18, 16.51, 16.83, 17.07, 17.28, 17.88, 18.05, 18.43, 18.56, 19.15, 19.57, 19.82, 
20.31, 20.73, 20.98, 21.45, 21.63, 21.93, 22.24, 22.33, 22.50, 22.73, 23.14, 23.37, 23.62, 24.01, 24.23, 
24.65, 25.04, 25.26, 25.63, 25.81, 26.48, 27.06, 27.25, 27.37, 27.74, 27.84, 28.42, 28.56, 28.79, 29.08, 
29.32, 29.73, 29.85, 30.03, 30.20, 30.43, 30.76, 31.02, 31.51, 31.65, 32.05, 32.52, 32.81, 33.04, 33.19, 
33.83, 34.13, 34.38, 34.60, 34.71, 34.96, 35.30, 35.59, 35.94, 36.05, 36.61, 36.95, 37.33, 37.64, 37.75, 
38.08, 38.30, 38.52, 39.06, 39.16, 39.46, 39.73 (Supp. Figure S6). 
 
[Ni(phen)3][(1,2-DITFB)2I2]·MeOH (2) 
Crystalline [Ni(phen)3][(1,2-DITFB)2I2]⋅MeOH was obtained by the slow evaporation of a solution of 
1,2-DITFB (58.4 mg, 145 µmol) and [Ni(phen)3]I2·2H2O (64.6 mg, 72.7 µmol) in MeOH (16.50 cm3). 
Crystals were dried under atmospheric pressure with the aid of silica desiccant. Found C 34.86, H 
1.52, N 4.90. Calc. for 2:1 complex C48H24F8I6N6Ni·CH4O: C 34.85, H 1.67, N 4.98%. PXRD (Cu 
Kα1 1.540598 Å): °2θ = 5.102, 7.160, 7.308, 7.788, 8.090, 9.798, 9.940, 10.19, 10.74, 10.94, 11.74, 
12.52, 13.08, 13.23, 13.95, 14.14, 14.29, 14.63, 14.99, 15.37, 15.66, 16.00, 16.19, 16.33, 16.72, 17.21, 
17.78, 18.15, 18.39, 18.51, 18.64, 19.04, 19.91, 20.42, 20.66, 20.86, 21.20, 21.61, 22.09, 22.30, 22.68, 
22.96, 23.22, 23.39, 23.59, 23.88, 24.39, 24.60, 24.81, 25.41, 25.59, 25.85, 26.21, 26.38, 26.69, 27.02, 
27.30, 27.55, 27.97, 28.49, 29.03, 29.13, 29.41, 29.81, 29.96, 30.34, 30.82, 31.11, 31.36, 31.48, 32.36, 
32.46, 32.65, 32.87, 33.03, 33.31, 33.61, 33.75, 34.00, 34.09, 34.37, 34.56, 34.89, 35.17, 35.26, 35.39, 
35.97, 36.10, 36.56, 36.73, 37.08, 37.44, 37.69, 38.23, 38.34, 39.33 (Supp. Figure S4). 
 
Combination: 1,3-DITFB and [Ni(phen)3]I2 
The combination of 1,3-DITFB and [Ni(phen)3]I2 resulted in the identification of two crystalline 
phases - each grown from experimental conditions differing only in the overall concentration of 
solutes in the crystallising solution.  
[Ni(phen)3][(1,3-DITFB)2I2]·2MeOH (3) 
1,3-DITFB (19.3 mg, 48.0 μmol) and [Ni(phen)3]I2·2H2O (21.4 mg, 24.1 μmol) were dissolved in 
MeOH (3.5 cm3). Shortly after mixing (ca. 15 min), the formation of fine crystals was observed. The 
solution was allowed to slowly evaporate and large pink prismatic crystals grew overnight. SCXRD 
identified these as [Ni(phen)3][(1,3-DITFB)2I2]⋅2MeOH. When the experiment was repeated to 
prepare more material for PXRD and elemental analysis, however, the new crystals were identified as 
[Ni(phen)3][(1,3-DITFB)3I2]. Further characterisation was not carried out for [Ni(phen)3][(1,3-
DITFB)2I2]⋅2MeOH. 
 
[Ni(phen)3][(1,3-DITFB)3I2] (4) 
1,3-DITFB (82.8 mg, 206 μmol) and [Ni(phen)3]I2·2H2O (91.6 mg, 103 μmol) were dissolved in 
separate volumes of MeOH (1.00 and 6.00 cm3 respectively) and combined. The precipitation of a 
considerable amount of fine pink crystalline material occurred within an hour and the solution was 
filtered. Crystals of suitable quality for SCXRD were isolated and analysis identified the material as 
[Ni(phen)3][(1,3-DITFB)3(I−)2]. Yield: 117.7 mg, 69%; Found C 31.92 H 1.07 N 4.17. Calc. for 3:1 
complex C54H24F12I8N6Ni C 31.50 H 1.18 N 4.08%. PXRD (Cu Kα1 1.540598 Å): °2θ = 4.277, 7.221, 
7.795, 8.523, 8.926, 9.534, 10.31, 10.81, 11.50, 11.62, 12.19, 12.69, 12.79, 13.71, 14.44, 15.06, 15.21, 
15.50, 15.62, 16.14, 16.26, 17.06, 17.51, 17.82, 18.52, 18.65, 18.87, 19.26, 19.97, 20.10, 20.30, 20.73, 
20.95, 21.24, 21.52, 21.70, 22.11, 22.54, 22.76, 22.94, 23.31, 23.51, 23.97, 24.15, 24.37, 25.22, 25.49, 
26.02, 26.85, 27.17, 27.57, 28.16, 28.73, 29.06, 29.26, 29.59, 30.08, 30.48, 31.27, 31.49, 32.04, 32.92, 
33.25, 33.84, 34.22, 34.93, 35.27, 35.59, 36.63, 36.76, 37.78, 37.95, 38.86, 39.01, 39.67 (Supp. Figure 
S5). 
 
[Ni(phen)3][(1,3,5-TITFB)2I2]·0.5MeOH·1.5H2O (5) 
1,3,5-TITFB (73.0 mg, 143 μmol) and [Ni(phen)3]I2·2H2O (63.7 mg, 71.6 μmol), were dissolved in 
MeOH (16.50 cm3) in a sealed vial. Crystals suitable for SCXRD formed within minutes. The crystals 
were isolated, washed with MeOH and dried over silica gel. Yield: quantitative; Found C 30.70 H 
1.21 N 4.46. Calc. for 2:1 complex C48H24F6I8N6Ni·0.5(CH4O)·1.5(H2O); C 30.84 H 1.39 N 4.45%. 
PXRD (Cu Kα1 1.540598 Å): °2θ = 7.575, 8.138, 8.363, 8.677, 9.660, 10.01, 10.39, 10.52, 10.86, 
11.16, 11.67, 12.10, 13.07, 13.54, 13.76, 14.06, 15.02, 15.39, 15.89, 16.25, 16.54, 16.70, 16.88, 17.48, 
17.80, 18.50, 18.83, 19.31, 19.52, 20.00, 20.46, 20.64, 20.78, 21.05, 21.30, 21.43, 21.71, 22.22, 22.45, 
22.70, 23.09, 23.42, 23.63, 23.89, 24.10, 24.28, 25.10, 25.32, 25.69, 26.11, 26.25, 26.76, 27.40, 27.60, 
27.99, 28.75, 29.34, 29.87, 30.24, 30.41, 30.96, 31.13, 31.34, 31.68, 32.03, 32.84, 33.23, 33.42, 33.81, 
34.22, 34.77, 34.93, 35.36, 35.75, 35.96, 36.36, 36.59, 36.92, 37.20, 37.88, 38.27, 38.74, 39.15 (Supp. 
Figure S7). 
 
[Ni(phen)3][(1,3-DITFB)2(H2O)2Cl2]·1.5MeOH (6) 
1,3-DITFB (14.6 mg, 36.3 μmol) and [Ni(phen)3]Cl2·7.5H2O (14.3 mg, 18.2 μmol) were dissolved in 
a common volume of MeOH (1.00 cm3). The MeOH was allowed to slowly evaporate resulting in the 
growth of several large pink crystals. SCXRD analysis of one crystal afforded the crystal structure 
[Ni(phen)3][(1,3-DITFB)2(H2O)2Cl2]·1.5MeOH. PXRD analysis of the bulk material was also 
performed (Supp. Figure S8). The synthesis was scaled up 4-fold to obtain sufficient sample for 
elemental analysis. Found C 38.27 H 1.99 N 5.33. Calc. for 2:1 complex C48H24Cl2F8I4N6Ni·2H2O· 
1.5CH4O; C 38.16 H 2.20 N 5.39%. PXRD (Cu Kα1 1.540598 Å): °2θ = 7.87, 9.42, 10.35, 11.86, 
15.10, 15.43, 15.75, 16.15, 16.58, 17.33, 18.66, 19.63, 20.77, 20.93, 21.50, 21.86, 22.25, 22.67, 23.54, 
23.97, 24.25, 25.26, 26.49, 27.48, 28.44, 31.75, 35.52, 35.85, 36.53. 
 
[Ni(phen)3][(1,3,5-TITFB)2Cl2] (7) 
Co-crystals of [Ni(phen)3][(1,3,5-TITFB)2Cl2] were grown from an evaporating solution of 1,3,5-
TITFB (8.4 mg, 17 µmol) and [Ni(phen)3]Cl2·7.5H2O (6.5 mg, 8.3 µmol) in MeOH (1.50 cm3) and 
characterised by SCXRD. The synthesis was scaled up 4-fold to obtain sufficient sample for elemental 
analysis. Found C 34.44 H 1.46 N 4.86. Calc. for 2:1 complex C48H24Cl2F6I6N6Ni; C 34.12 H 1.43 N 
4.97%. 
 
Associated Content 
Supporting Information 
The electronic supporting information (ESI) contains comparisons between experimental powder 
XRD patterns of material obtained by combination of [Ni(phen)3]Cl2·H2O and both 1,2-DITFB and 
1,4-DITFB with the patterns obtained for pure starting materials as well as comparisons between 
experimental PXRD patterns of 1, 2, 4-6 and 8 with patterns simulated from single crystal X-ray 
structures. The ESI also contains crystallographic data for all structures (1-8) in CIF format. This 
material is available free of charge via the Internet at http://pubs.acs.org.  
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Diagrams and Images 
 
 
Figure 1 Structure: [Ni(phen)3][(1,4-DITFB)3(MeOH)0.5I2] (1). (a) A section of a pseudo 2D halogen-
bonded sheet; (b) A pair of [Ni(phen)3]2+ cations feature a fourfold aryl embrace motif; (c) A view of 
the crystal lattice showing how pairs of cations (coloured as per (b)) are separated by the halogen-
bonded framework.  
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 Figure 2 Structure: [Ni(phen)3][(1,2-DITFB)2I2]⋅MeOH (2). (a) A discrete 4-component halogen-
bonded complex featuring both monotopic and ditopic components; (b) A column of metal complex 
cations; (c) A view of the crystal lattice oriented such that the direction of propagation of the columns 
of metal complex cations is perpendicular to the plane of the page (cations depicted in black for 
clarity). 
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 Figure 3 Structure: [Ni(phen)3][(1,3-DITFB)2I2]⋅2MeOH (3). (a) 1D wave-like halogen bond 
topology; (b) 1D chain of [Ni(phen)3]2+ ions propagating through EF π-π interactions; (c) crystal 
lattice viewed down the direction of propagation of chains of [Ni(phen)3]2+ ions (shown in black for 
clarity). Chains of [Ni(phen)3]2+ ions separated by DITFB/I− halogen-bonded chains.   
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Figure 4 Structure: [Ni(phen)3][(1,3-DITFB)3I2] (4). An illustration depicting the two unique halogen 
bond motifs found in crystals of [Ni(phen)3][(1,3-DITFB)3I2]; (b) A perspective of the crystal lattice 
showing how the DITFB/halide ion halogen bond framework effectively separates metal complex 
cations (cations shown in black for clarity).  
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 Figure 5 Structure: [Ni(phen)3][(1,3,5-TITFB)2I2]⋅0.5MeOH⋅1.5H2O (5). (a) A fragment of one of the 
3D halogen-bonded networks; (b) The halogen bonded networks depicted in a “stick” style, where one 
network is shown in green and the other in gold; (c) A perspective view of the lattice highlighting the 
2D (6,3) net of [Ni(phen)3]2+ cations (cations abbreviated as black spheres; 2D (6,3) net depicted as 
black rods).  
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 Figure 6 Structure: [Ni(phen)3][(1,3-DITFB)2(H2O)2Cl2]·1.5MeOH (6). (a) 1D wave-like halogen 
bond topology; (b) 1D chain of [Ni(phen)3]2+ ions propagating through π-π interactions; (c) Crystal 
lattice viewed down the direction of propagation of chains of [Ni(phen)3]2+ ions (shown in black for 
clarity). Chains of [Ni(phen)3]2+ ions separated by DITFB/Cl− halogen-bonded chains.  
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 Figure 7 Structure: [Ni(phen)3][(1,3,5-TITFB)2Cl2] (7). (a) Supramolecular 2D rippled sheet; (b) 1D 
chain of [Ni(phen)3]2+ ions propagating through π-π interactions; (c) Crystal lattice viewed parallel to 
the direction of propagation of chains of [Ni(phen)3]2+ ions. [Ni(phen)3]2+ ions are shown in orange 
and green. 
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The interplay between the supramolecular motifs of polypyridyl metal complexes and halogen 
bond networks in co-crystals. 
Michael C. Pfrunder,a Aaron S. Micallef,*,b Llewellyn Rintoul,b Dennis P. Arnold,b and John 
McMurtrie*,b 
 
Synopsis 
Co-crystallisation of iodofluorobenzenes with polypyridyl metal complex halides produced a diverse 
array of halogen bond networks between iodofluorobenzene donors and halide acceptors. In this paper 
we examine the supramolecular interplay between the structutral motifs of the networks and those of 
the metal complexes, which are included in the crystals as counterions for the halides. 
